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ABSTRACT
Context. We present observations of a B7.9-class flare that occurred on the 24th January, 2015,
using the Atmopsheric Imaging Assembly (AIA) of the Solar Dynamics Observatory (SDO),
the EUV Imaging Spectrometer (EIS) and the X-Ray Telescope of Hinode. The flare triggers
the eruption of a dense cool plasma blob as seen in AIA 171Å, which is unable to completely
break out and remains confined within a local bundle of active region loops. During this process,
transverse oscillations of the threads are observed. The cool plasma is then observed to descend
back to the chromosphere along each loop strand. At the same time, a larger diffuse co-spatial
loop observed in the hot wavebands of SDO/AIA and Hinode/XRT is formed, exhibiting periodic
intensity variations along its length.
Aims. The formation and evolution of magnetohydrodynamic (MHD) waves depend upon the
values of the local plasma parameters (e.g. density, temperature and magnetic field), which can
hence be inferred by coronal seismology. In this study we aim to assess how the observed MHD
modes are affected by the variation of density and temperature.
Methods. We combined analysis of EUV/X-ray imaging and spectroscopy using SDO/AIA, Hin-
ode/EIS and XRT.
Results. The transverse oscillations of the cool loop threads are interpreted in terms of vertically
polarised kink oscillations. The fitting procedure provides estimates for a period of ∼ 3.5 to 4
min, and an amplitude of ∼ 5 Mm. The oscillations are strongly damped showing very low quality
factor (1.5–2), which is defined as the ratio of the damping time and the oscillation period. The
weak variation of the period of the kink wave, which is estimated from the fitting analysis, is
⋆ Now at George-August-Universität Göttingen, Germany (e-mail:
nistico@astro.physik.uni-goettingen.de).
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in agreement with the density variations due to the presence of the plasma blob inferred from
the intensity light curve at 171Å. The coexisting intensity oscillations along the hot loop are
interpreted as a slow MHD wave with a period of 10 min and phase speed of approximately
436 km s−1. Comparison between the fast and slow modes allows for the determination of the
Alfvén speed, and consequently magnetic field values. The plasma-β inferred from the analysis
is estimated to be approximately 0.1–0.3.
Conclusions. We show that the evolution of the detected waves is determined by the temporal
variations of the local plasma parameters, caused by the flare heating and the consequent cooling.
We apply coronal seismology to both waves obtaining estimations of the background plasma
parameters.
Key words. Sun: corona – Sun: MHD waves – Techniques: spectroscopic
1. Introduction
Observations of magnetohydrodynamic (MHD) waves in the solar corona provide us with an im-
portant tool for the determination of the local plasma parameters using seismology (e.g. Roberts
et al. 1984). The advent of space observatories during the last two decades has increased the rich-
ness of MHD wave phenomena found in the structured medium of the solar corona at extreme ultra
violet (EUV) and X-rays wavelengths, encompassing different spatial and temporal scales. More
recently, observations at even higher resolution (1′′, 12s cadence) with the Atmospheric Imaging
Assembly (AIA) on board the Solar Dynamics Observatory (SDO) (Lemen et al. 2012) have sub-
stantially contributed to improving our view and knowledge of MHD modes in coronal structures.
MHD waves have been observed as large-scale disturbances propagating through the solar disk,
also known as EUV global waves (e.g. Patsourakos & Vourlidas 2012); transverse oscillations
(kink waves) of coronal loops (Aschwanden et al. 1999; Nakariakov et al. 1999), prominences
(Hershaw et al. 2011); propagating and standing longitudinal oscillations (slow waves) in loops
and polar plumes (DeForest & Gurman 1998; Wang et al. 2007; Kiddie et al. 2012; Krishna Prasad
et al. 2012) and quasi periodic fast wave trains in coronal funnels (Liu et al. 2012; Nisticò et al.
2014). These observations have confirmed the theory of MHD modes in a cylindrical magnetic
flux tube (e.g. Edwin & Roberts 1983; Roberts et al. 1984), which is taken as the basic model to
describe dynamics of a field-aligned non-uniformity of the plasma density, typical for the corona.
Kink oscillations of coronal loops have received particular interest due to their abundance in the
solar corona, which allows us a systematic application of coronal seismology, and to quantify their
possible contribution to coronal heating (e.g. Goddard et al. 2016). Indeed, after being triggered by
local coronal eruptions (Zimovets & Nakariakov 2015), the wave amplitude is observed to decay
exponentially in a few cycles, which is believed to be caused by resonant absorption.
In addition to this scenario, recent studies show the existence of a further class of kink oscilla-
tions characterised by the absence of damping (Wang et al. 2012; Nisticò et al. 2013a; Anfinogentov
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et al. 2013, 2015). The application of coronal seismology to kink oscillations of coronal loops has
very recently received a further incentive with the discovery of a Gaussian profile at the early stage
of the decay trend (Hood et al. 2013), providing a new method to uniquely determine the density
contrast and the inhomogeneous layer width in coronal loops (Pascoe et al. 2016).
A combination of EUV imaging with additional observational techniques, for example in the
radio band or EUV spectroscopy, provides us with further constraints on the determination of the
coronal plasma quantities (e.g. Kim et al. 2012; Kupriyanova et al. 2013; Verwichte et al. 2013).
Indeed, for example, parameters such as the adiabatic index γ and the molecular weight µ, which
are present in the definitions of the sound and Alfvén speeds, are usually assumed to standard values
typical for the corona (γ = 5/3 and µ = 1.27). Van Doorsselaere et al. (2011b) have shown that
the effective adiabatic index is not equal to the assumed value of 5/3. Furthermore, observations of
coexisting different MHD modes in the same coronal structure can provide compelling constraints
on the determination of these plasma quantities (Van Doorsselaere et al. 2011a; Zhang et al. 2015).
In this paper, we present a multi-instrument analysis of a flare which has been observed on
the 24th January, 2015, using SDO/AIA, the EUV Imaging Spectrometer (EIS; Culhane et al.
2007) and the X-Ray Telescope (XRT; Golub et al. 2007) onboard the Hinode satellite, launched
in 2006. The flare triggers an eruption of a dense and cool plasma blob, driving kink oscillations
in nearby cool loop threads, and forms a diffuse hot loop, which in addition exhibits longitudinal
oscillations of the EUV intensity interpreted as a slow magnetoacoustic wave. The aim of this
study is to assess the evolution of the two MHD modes observed in association with the observed
variation of density and temperature. The paper is structured as follows. In Section 2 we describe
the observation and the instruments; in Section 3 we discuss the investigation of the 3D structure
of the loop; in Section 4 and 5 we present the analysis of the kink and slow waves, respectively.
Discussion and a conclusion are given in Section 6.
2. Observations and data analysis
The eruption that we have analysed occurred in the active region NOAA 12268 and is associated
with a B7.9-class flare as recorded by the GOES satellite, which measured a peak in the X-ray
flux at 12:00 UT on the 24th January, 2015. To study the event, we used data from SDO/AIA,
Hinode/EIS and XRT.
2.1. SDO AIA
SDO/AIA produces full-disk images of the Sun in seven EUV wavelength bands (as well as in the
UV) with a cadence of 12 s, a nominal pixel size of 0.6′′ and a spatial resolution of approximately
1′′. We downloaded one hour of observations in all the EUV channels of AIA between 11:50 and
12:50 UT and processed them using the standard SolarSoft program aia_prep.pro. Figure 1 shows
the active region observed in different AIA EUV wavebands and an X-ray image with the Be_thin
filter of the XRT telescope. The AIA EUV images are excellent for their resolution, but, with the
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Fig. 1. SDO/AIA and Hinode/XRT images of the AR NOAA 12268 on the 24th January, 2015, at the time of
the flare event. The box in the 304 Å image shows the Hinode/EIS FOV. The labels indicate: a) a small post-
flare loop at the site of the initial eruption; b) an expanding blob driving kink oscillations in the neighbouring
loops; c) a bright loop observed distinctly at 131 and 94 Å; and d) overlaying unperturbed loops. The time
evolution in the 171 and 94 Å as well as a composite of different channels is shown in a movie available
online. The composite contains the bands 304 (red), 171 (green) and 94 Å (blue). The field-of-view of the
movie is shown in the figure as a dotted square.
exception of the 171 Å band, are strongly multi-thermal, as described in O’Dwyer et al. (2010);
Del Zanna et al. (2011); Petkaki et al. (2012); Del Zanna (2013b), for example. Assessing the
plasma temperature from the AIA images is therefore prone to some uncertainties, and it is only
by combining the AIA information with that from the EIS and XRT that we are able to understand
the temperature evolution of this complex event.
2.2. Hinode EIS
At the time of the observations, Hinode/EIS was pointing at this active region, even though there
was a limited field of view (FoV), as shown in Fig. 1. The EIS observations consisted of a sequence
of ‘sparse’ raster studies HH_Flare_raster_v6 from approximately 06:00 UT to 15:30 UT. Each
raster contained 20 × 2′′slit steps covering an area of 60′′× 152′′ in ≈ 212 s. The exposure time
was ≈ 9 s. The level 0 EIS data have been converted to level 1 data using the SolarSoft IDL
routine eis_prep.pro, including standard options as described in the EIS software notes 1. In order
to convert the data number (DN) to physical units, we applied the radiometric calibration method
described in Del Zanna (2013a), which accounts for the degradation of the detectors’ efficiency
over time. EIS data were also corrected for the offset (approximately 18 pixels) between the long
wavelength (LW) and short wavelength (SW) CCD channels, and the wavelength tilt along the slit
1
.
1 http://solarb.mssl.ucl.ac.uk:8080/eiswiki/
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Fig. 2. Images of SDO/AIA 304 (a) and 131 Å (b), Hinode/EIS He II (c, T∼0.05 MK) and Fe XIV (d, T∼2
MK) at 11:57 UT (top panels) and 12:04 UT (bottom panels). The EIS intensity images are in reversed colours.
EIS observes emission lines formed over a broad range of temperatures, from the cool He II line
with a formation temperature of ≈ 0.05 MK to highly ionised Fe ions (Fe XXIII-Fe XXIV), which
are only visible in flaring plasma at approximately 10-20 MK. Fig. 2 shows an overview of the EIS
monochromatic images in the He II 256.32 Å (c) and Fe XIV 264.79 Å lines (d; T ≈ 2 MK) at two
times: 11:57 UT and 12:04 UT, immediately before and during the peak of the flare, respectively.
The figures also show some context AIA images in the 304 Å filter, which is dominated by He
II emission, and in the 131 Å filter, dominated by Fe VIII emission at 0.4 MK during non-flaring
times. The intensity contours of the EIS He II line are overplotted on the EIS Fe XIV image (d) at
12:04 UT, to show the differences. The green squares mark the locations where the plasma density
has been estimated (values are in cm−3) from the intensity ratio of the EIS Fe XIV 264.79 and
274.20 Å lines (see Sect. 2.4). The Fe XIV line ratio provides useful electron density diagnostics in
the 2 MK plasma. We used atomic calculations from the CHIANTI v.8 database (Del Zanna et al.
2015). The Fe XIV line at 264.79 Å is free of significant blends (Del Zanna et al. 2006), whilst
the Fe XIV 274.20 Å is blended with a Si VII line at 274.17 Å. However, during flares, the Si
VII line usually contributes only approximately 4 % of the intensity of the Fe XIV 274.203 Å line
(Del Zanna et al. 2006; Brosius 2013). The Fe XIV ratio therefore provides a lower estimate of the
electron density of the plasma.
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Table 1. Timeline of the event referring to the SDO/AIA 171 images.
Time (UT) SDO/AIA
11:51:48 First brightenings.
11:57:36 Increase in the brightness in the active region.
12:00:00 Uplift of a plasma blob in 171 Å and formation of
a hot loop in 131 and 94 Å.
12:02:00 The plasma blob hits some loops and remains con-
fined, driving kink oscillations.
12:11:36 The blob diffuses along the loop threads, kink os-
cillations continue. Longitudinal intensity oscilla-
tions in 94 Å.
12:20:00 The cold plasma is observed to descend along the
loop threads.
2.3. Hinode XRT
XRT acquires images of the full-Sun in several X-ray broad-band filters. In this work, we use
images formed in the Be_thin and Al_poly filters, which are available for the whole duration of the
event under study, and which have similar cadences (≈ 2 minutes). XRT level 0 data were converted
to level 1 by using the SolarSoft xrt_prep.pro routine, which removes the telescope vignetting
(Kobelski et al. 2014) and subtracts the dark current from the detector’s signal. The XRT filters are
broad-band and highly multi-thermal, as described in O’Dwyer et al. (2014a).
For an isothermal plasma, the ratio of different XRT bands can provide reliable temperature
measurements (Narukage et al. 2014; O’Dwyer et al. 2014b). The top-right panel of Fig. 3 shows
the temperature map obtained by using the ratio of the XRT Be_thin and Al_poly images at 12:04
UT, close to the peak of the flare. The temporal evolution of the temperature averaged over the
boxcars 1 (green) and 2 (light blue) is given in the bottom-left panel of Fig. 3. See also the movie
attached to Fig. 3 to follow the evolution of the temperature map over time. The theoretical re-
sponse of each filter was obtained by convolving the filter effective area with an isothermal spectra
produced by CHIANTI version 8 using chemical abundances from Asplund et al. (2009), ionisation
equilibrium calculations from Dere et al. (2009) and a plasma density of 109 cm−3. We have veri-
fied that using different values for the plasma density does not affect the theoretical XRT response
function (for densities of 109 and 1010 cm−3 , the functions almost coincide), and only a much
higher density can modify the observed spectrum by each XRT filter significantly. An estimate of
the plasma density for the hot loop is also obtained from the emission measure, after having de-
fined the average temperature and a typical column depth of ∼5′′. Figure 3-bottom right shows the
evolution of the density averaged over the boxcars 1 and 2, respectively. The density values range
between 3×109 cm−3 and 6×109 cm−3.
2.4. Evolution of the plasma structures during the event
The movie attached to Fig. 1 shows the evolution of plasma structures in the event, while Table 1
summarises a timeline of the event as observed in the AIA 171 Å channel. The event is very rich in
features. Indeed, a very bright small post-flare loop appears in different AIA wavebands (131, 211,
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Fig. 3. Top: images (reversed colours) of Hinode/XRT from the Be-thin (left) and the Al-poly (middle) filters,
and temperature maps obtained using the ratio of the two filters (right). The temporal evolution of the temper-
ature map is shown in a movie available online. The entire hot loop bundle has a temperature of 6–10 MK.
Bottom-left: temporal evolution of the plasma temperature at the position indicated by the boxcars 1 (green)
and 2 (light blue) in the top-right panel. Bottom-right: temporal evolution of the density in the hot loop from
the boxcars 1 and 2.
335 and 94 Å, see feature a) in Fig. 1). This structure is also clearly visible in the EIS Fe XIV–Fe
XV and Fe XVI lines, indicating that the plasma is mostly emitting at approximately 2–3 MK.
At the footpoint of this small flare loop, we measure densities of approximately 1.7 × 1010 cm−3
using the EIS Fe XIV line ratio (as indicated in the top panel of Fig. 2), in contrast to a background
density of ∼ 3 × 109 cm−3.
From the region where the small post-flare loop forms, we observe an eruption of a bright
plasma blob, which is clearly visible in the 304 and 171 channels and may be assimilated to a
small flux rope. The bulk of this plasma has chromospheric / transition region (TR) temperatures,
because it shows strong emission in the EIS He II and other TR lines. We also note that this event
was partially observed by IRIS (De Pontieu et al. 2014). The IRIS slit-jaw images in the Si IV
filter clearly show the eruption of this filamentary cool (T ≈ 0.08 MK) material. Unfortunately, the
oscillating loop under study was outside the IRIS FoV, and therefore we do not include any IRIS
data in this work. At the site of the eruption, the EIS Fe XIV lines are very broad with a strong
blue-shift component of approximately 100 km s−1.
A few minutes later (after the flare peak), at 12:04 (bottom panels of Fig. 2), this blob becomes
visible only in He II. Indeed, Fig. 2 shows that there is no Fe XIV (2 MK) emission. On the other
hand, the small loop (feature a) in Fig. 1) is strongly emitting in Fe XIV and the plasma density at
the top of the loop is now 1.05 × 1010 cm−3 (as indicated in the bottom panel of Fig. 2).
The cool plasma expands until it hits some overlaying loops, triggering kink oscillations, and
remaining confined within them (see b) in Fig. 1). These kink oscillations are only visible with
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AIA (they were mostly outside the IRIS and EIS FoV, see Fig. 1). Finally, this cool plasma is
observed to descend back to the chromosphere flowing along several loop threads in the form of
coronal rain. This process lasts for approximately 20 min. The downflow of this cool plasma on
the western side is observed in the IRIS data and in the EIS He II and TR lines (O V, Fe VIII).
The apparent downflow speed along the loop threads is of the order of 10 km s−1. The observed
phenomenology would be of interest for comparison with modelling by Oliver et al. (2014, 2016),
which is out of the scope of this work. A bright and diffuse loop in feature c) is seen in the 131
and 94 Å wavebands, while the larger loops observed in 171, 193 and 211 Å and overlaying the
active region (marked by feature d) in Fig. 1) do not show significant oscillations and are almost
unperturbed.
In contrast to the fine loop threads observed with the AIA 171 Å, the sequence of the AIA
94 Å images shows the formation and evolution of a well-defined diffuse hot loop, adjacent to the
cool filamentary material and exhibiting longitudinal intensity oscillations (see the movie attached
to Fig. 1). This diffuse loop appears physically distinct from the nearby loop threads observed in
the ‘cooler’ AIA channels. While the loop threads in 171 Å are very narrow with approximately
constant width (∼ 1 arcsec), the ‘hot’ loop is spatially more extended and approximately more
uniform (we have the impression of a single and compact object), having a width of several arcsec,
being thinner in the proximity of the right footpoint, larger at the apex and apparently at the left
footpoint. By combining information from AIA, EIS and XRT, we found out that this loop has an
almost isothermal temperature of approximately 8 MK. This is why the loop is clearly visible in
the AIA 94 Å band, which is dominated at this temperature by Fe XVIII (Del Zanna 2013b). The
loop does not emit at lower or higher temperatures, otherwise it would have been visible in EIS
Fe XIV and Fe XXIII, for example. There is no obvious Fe XXI emission in the AIA 131 Å band
either. This is confirmed by the temperature analysis obtained from XRT, shown in Fig. 3. We note
that if only the AIA data are considered, standard inversion routines predict instead that most of
the AIA 131 emission is due to plasma at a temperature well above 10 MK.
The evolution of the loop system is accompanied by the temperature and density variations
due to the flare, and the presence of the failed erupted plasma blob. In the following sections, we
carefully show how these variations affect the dynamics of the transverse and longitudinal waves.
3. 3D geometry
In the context of MHD and coronal seismology (Nakariakov et al. 2016), it is important to deter-
mine the 3D structure of coronal loops, that is, their full (and not projected) length, the inclination
and azimuthal angles (Nisticò et al. 2013b) in order to correctly interpret the periodic intensity
variations, which are modulated by the periodic changes of the column depth (Cooper et al. 2003),
and to unambiguously identify the polarisation of kink oscillations. Inference of the 3D geometry
by stereoscopy in this case is impossible due to the lack of data from the Solar Terrestrial Relations
Observatory (STEREO), since the two spacecraft were in the back hemisphere of the Sun at the
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time of this observation. However, under some assumptions, it is possible to obtain a reliable curve
that fits the series of points, which are manually determined and sample the bundle of threads ob-
served in AIA 171 (red dots) and the diffuse loop in AIA 94 (yellow dots) (see Fig. 4). We adopt
the technique described in Verwichte et al. (2010).
Fig. 4. Three-dimensional reconstruction of the bundle of loop threads (red dots) observed with the AIA
171 Å (top panels), and the hot loop (yellow dots) observed with the AIA 94 Å (middle panels). The loops are
best-fitted by semi-ellipses (solid green line) with an inclination angle of -60 deg with respect to the normal
surface, and heights of 0.85 rL in the 171 Å, and 0.70 rL in the 94 Å channels. The projections of the loop
system for different orientations of the HEEQ coordinate system are shown in the bottom panels.
The 3D structure of the loop bundle was determined by initially considering a semi-circle in a
reference frame defined by three orthogonal axes: the loop baseline eb (red arrow), the normal to
the solar surface en (green arrow) and the vector et = eb × en (blue arrow). The footpoints have
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Stonyhurst longitude and latitude equal to (-61.6,-8.6) and (-53.4,-8.7) deg, respectively. The loop
centre is consequently found as the mean between the footpoints, and has coordinates (-57.5,-8.7)
deg. The footpoint half-distance represents the radius of the semi-circle, which is approximately 50
Mm. We try to match the model with the observations by varying the inclination angle θ measured
with respect to the solar surface between -90 and +90 deg. The left-top panel of Fig. 4 shows the
loop as a semi-circle (hL = rL). For simplicity we show only three cases for θ=-90 (dashed), -60
(continuous), and -30 deg (dashed green line). The white arrows represent the loop height for the
different inclinations. A good approximation is obtained for θ = −60 deg. This estimate is further
justified by the measurements of the speed for the plasma blob, which is assumed to move along
the loop plane. Indeed, as shown in the previous section, the Doppler shift, which is assumed to
be related to the plasma blob expansion, defines the speed along the line-of-sight v⊥ ≈ 100 km
s−1, while the projected speed on the plane of sky is estimated as v‖ ≈ 134 − 178 km s−1 (see next
section). The loop inclination angle can then be found as θ ≈ tan−1(v‖/v⊥) = 53 − 60 deg. We vary
the loop height to improve the fit (hL = (1.00, 0.95, 0.90, 0.85, ...)rL, where rL is the major radius).
The best fit is visually found for hL = 0.85rL, therefore the loop seems to be slightly elliptical.
However, the right loop leg is not adequately reproduced, maybe because of the presence of some
further tilt in the loop plane orientation, or the departure from the plane shape, that is, a sigmoid
shape. The bright and diffuse emission observed in the hot channels appears to be located slightly
lower than the cooler threads, even if this statement maybe rather subjective. The loop shape in
this case is sampled by the yellow dots in the central panels of Fig. 4. The points are fitted with a
curve with a height of 0.70rL (green line). Given the 3D orientation, we can project the series of
points onto the loop plane as clearly described in the appendix of Verwichte et al. (2010). The loop
length is found by summing the distances along these points. Therefore, assuming an uncertainty
of the measure of 10%, for the cool threads observed in the 171 channel, we obtain the length
L171 = 141 ± 14 Mm, (which is comparable with that of the best-fitting ellipse, ∼144 Mm), while
for the hot loop, the length is L94 = 127 ± 13 Mm (the best-fitting ellipse with an height of 0.70
Mm has a length of 133 Mm). In addition, we have qualitatively investigated the polarisation of
the transverse oscillations of the cool loop threads. Having defined the loop geometry (radius and
height) and its oscillatory dynamics (amplitude, period and damping), the right panels of Fig. 5
show the model for a loop in a 3D Cartesian coordinate system at the equilibrium (green line)
and at the extrema of the oscillations (blue dashed lines) for the vertical polarisation (top panel)
with the motion strictly on the xz plane, and the horizontal polarisation (bottom panel) where the
motion takes place on the xy plane. A comparison of the oscillation modes with the observations
at 171 Å (left panels) reveals that vertically polarised kink oscillations may match the transverse
displacements of the observed loop threads (see the movies attached to Fig. 5).
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Fig. 5. Top: vertical polarisation for the transverse displacements of the coronal loop threads. The right panel
shows the model for a loop at the equilibrium (green line) in a 3D Cartesian coordinate system. The distance
is measured in loop radius rL units. The shape of the loop at the oscillation extrema is represented by the
dashed blue lines. The motion is on the xz plane. The left panel shows the projection of the loop model and
its configuration at the oscillation extrema projected in the AIA 171 FoV at the time of the start of the kink
oscillations. The red dots sample a single loop thread at the equilibrium, which is fitted by the loop model in
green, and the red diamond is the loop centre on the solar surface. The movement direction of the loop model
at the oscillation extrema matches that of the blob and the overall loop threads. Bottom panels: the same as
described above but for the case of the horizontal polarisation mode. In this case, the motion is strictly on the
xy plane (right panel), and the loop configuration at the oscillation extrema does not fit the observations well
(left panel). Animations of the top and bottom panels are available in the two online movies.
4. Kink oscillations of the cool threads
4.1. Analysis
To analyse the transverse oscillations of the loop threads, we have selected two slits, S1 and S2,
directed as in the left panel of Fig. 6. From these slits we have extracted the intensity for each frame
of our dataset and constructed time-distance (TD) maps. The loop strands are clearly visible in the
171 Å channel of AIA. The TD maps at this wavelength are given in the right panels of Fig.6.
In the TD maps, the signature of the expanding blob appears in the form of a very bright and
inclined feature or peak. Its slope provides us with an estimate of the projected speed (green points
in Fig. 6 - right panels). Before the eruption, a much slower expansion with a linear speed of
15–17 km s−1 is measured (blue points). After this phase, the blob is expanding with a projected
velocity of approximately 178 km s−1 along slit S1, while in S2 the speed is lower, 134 km s−1,
since this direction does not exactly match the one of the expanding blob. The expansion of the
blob displaces the loop threads from their equilibrium, which undergo transverse oscillations (red
points in the TD maps). The patterns in the TD maps are composed of several strands, which are
not very easy to track, and oscillate collectively. The oscillations in the right panels of Fig. 6 are
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Fig. 6. Left: Image from SDO/AIA 171 Å with the slits S1 and S2 used to make TD maps and trace the
transverse oscillations. Right: TD maps from the S1 (top) and S2 (bottom) slits.
tracked by following the upper rim of the oscillating bundle by eye. Therefore, we characterise the
oscillatory dynamics of the overall bundle rather than that of each single loop thread.
Fig. 7. Time series of the oscillations S1 and S2 (left), wavelet power spectra of the time series (centre), and
plots of the period vs time (right). The period is between 3.7 and 4 min. There is a very small variation of the
period from the fitting analysis, however the green lines in the wavelet power spectra have a null slope.
The oscillatory patterns have been fitted using the MPFIT routines (Markwardt 2009) with the
following function
y(t) = y0 + A cos
(
2π(t − t0)
P + P′(t − t0) + φ
)
exp
(
−
t − t0
τ
)
, (1)
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Table 2. List of the fitting parameters for the observed oscillations.
Oscillation t0 y0 A P P′ φ τ
[min] [Mm] [Mm] [min] [min min−1] [deg] [min]
S1 11.6 0.3±0.1 7.3±0.5 3.7±0.2 -0.02±0.03 -24±8 3.7±0.5
S2 11.5 -0.1±0.2 4.0±0.5 4.0±0.3 -0.05±0.03 -2±11 7.9±2.0
S3 10.1 0.02±0.01 0.4±0.1∗ 9.7±0.4 0.05±0.02 -110±8 40.3±14.7
Notes. Kink oscillations S1 and S2 are shown in Fig. 7, while the longitudinal oscillation S3 refers to Fig. 9.
∗The amplitude of the slow MHD wave S3 is not in Mm units but normalised to the loop length.
which assumes a priori a linear dependence of the period on the time, with P′ being a variation
rate of the period. Before applying the fitting routine, the time series was detrended with a back-
ground linear fit. The fittings were weighted by the errors of each data point, which was taken to
be approximately 2 pixels (∼ 1 Mm). The amplitudes of the oscillations (Table 2) are estimated to
be approximately 4–6 Mm. The initial period P of the oscillations is between 3.7 and 4.0 min. The
period rate change P′ is negative in both cases (even if the standard deviations associated to these
estimates make them relatively insignificant), and is consistent with a decrease of the density, as
we will see in more detail in the next subsection. The wavelet power spectra of the time series in
the central panels of Fig. 7 shows that the period of the kink oscillations is approximately 3.5 min
(green line).
4.2. Coronal seismology with kink waves
The transverse displacements observed in the loop are interpreted in terms of the fundamental
standing fast magnetoacoustic kink wave. The phase speed V (K)ph is determined by the loop length
and the period of the oscillation, that is,
V (K)ph =
2L
P
. (2)
In this case, given the length L = L171 = 141± 14 Mm and the period of P = 3.9± 0.3 min, the
phase speed is V (K)ph = 1205± 152 km s
−1 (see also Eqs. A.1-A.2 in Appendix A). From theoretical
modelling of MHD modes in a plasma cylinder (e.g. Edwin & Roberts 1983), the phase speed
V (K)ph for long-wavelength kink oscillations (in comparison with the minor radius of the loop) is the
kink speed CK, which is the density-weighted average of the Alfvén speeds inside and outside the
oscillating plasma cylinder:
CK =
ρ0C2A + ρeC2Ae
ρ0 + ρe
1/2 . (3)
In the low-β plasma regime, typical for coronal active regions, the expression above can be approx-
imated as
CK ≈ CA
(
2
1 + ρe/ρ0
)1/2
, (4)
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where CA = B/
√
4πρ0 is the Alfvén speed, and ρ0 is related to the number density n0 with the
relation ρ = µmpn0. Therefore, changes in density can affect the values of CK, and consequently
the period P, as also found in the decayless oscillation event described by Nisticò et al. (2013a).
Indeed, using the expressions above it is relatively straightforward to show that
P =
L
B
√
8πρ0(1 + ρe/ρ0). (5)
Fig. 8. Intensity time series in the AIA 171 Å band (bottom) starting at 11:50 UT, obtained from a boxcar
centred on the cool plasma blob (top). The intensity shows a strong peak at the flare peak time, and then it
drops very quickly in approximately 5 min. In the inset plot we show that the oscillations in the intensity
profile (black) are in antiphase with the loop thread displacement (dashed red line).
After its expansion, the blob is observed to slowly diffuse and descend along the loop threads.
The observed longitudinal flow could also be induced by the ponderomotive force associated with
the nonlinear kink oscillation (e.g. Terradas & Ofman 2004), but the theory of this effect is not
elaborated enough to make any quantitative comparison. Perhaps the weakly compressive nature
of long-wavelength kink oscillations would allow one to adopt the results obtained for the pon-
deromotive force in Alfvén waves (e.g. Tikhonchuk et al. 1995; Verwichte et al. 1999; Thurgood &
McLaughlin 2013). To investigate the influence of the downflowing plasma blob on the period of
the kink oscillations, we analyse the intensity time series from the SDO/AIA 171 Å band. Figure 8
shows the intensity time series I averaged over a boxcar centred on the cool blob (bottom panel).
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The profile resembles that of a shock with a very sharp ramp (at ∼ 9 min), an overshoot (after
10 min) and a weak decaying tail (after ∼15 min). Since I ∝ n20, then variations of the intensity
on time-scales larger than the kink period can be expressed as δI/I = 2δn0/n0, assuming that the
plasma does not dramatically change its temperature, and the angle between the local loop segment
and line-of-sight remains constant, as the observations suggest.
On the other hand, from Eq. 5, the variations of the period with respect to the density (con-
sidering the inner density ρ0 or equivalently n0) are δP/P = δn0/2n0. Therefore, P changes with
respect to I as δP/P = δI/4I. For δI = −50 DN in a time interval, ∆t = 10 min and I = 350,
δP/P ≈ −0.03. By taking P = 3.9 min, it is easy to show that δP ≈ −0.03P = −0.11 min, and
therefore P′ ≈ δP/∆t = −0.01 min min−1, which is consistent with the values obtained from the
fittings. It is worth mentioning that the oscillations that are seen in the intensity profile (see the inset
plot in Fig. 8-bottom panel) are in anti-phase with the displacement of the loop threads. This can be
explained in terms of vertically polarised oscillations of a bundle of loop threads as suggested by
Aschwanden & Schrijver (2011). In general, such variations are determined by the periodic change
in the column depth (Cooper et al. 2003) and the correct polarisation mode can be inferred by ap-
propriate forward modeling, as discussed in Verwichte et al. (2009) and recently shown by Yuan
& Van Doorsselaere (2016a,b). We can now estimate the Alfvén speed and the magnetic field (see
Eqs. A.3–A.6). We considered the following values: L = L171 = 141 ± 14 Mm, P = 3.9 ± 0.3 min,
µ ≈ 1.27, mp = 1.67 × 10−24 g, n0 = (1.0 ± 0.5) × 1010 cm−3 and ne = (3.0 ± 1.5) × 109 cm−3 (we
have assumed uncertainties for the densities of 50%). We note that the density of the cool threads
is very difficult to measure. Because of its lower spatial resolution with respect to SDO/AIA, Hin-
ode/EIS observed the loop as a single thread only. The density estimate for n0 has been obtained
from the emission measure, assuming a column depth of 3′′, photospheric abundances and volume
filled. We obtain an Alfvén speed CA = 972 ± 146 km s−1, and a magnetic field of B = 50 ± 12 G.
A summary of the coronal parameter estimates is given in Table 3.
Table 3. List of the physical parameters for the observed fast and slow MHD waves.
Wave L P T ne n0 Vph CS CA B
[Mm] [min] [MK] [109 cm−3] [109 cm−3] [km s−1] [km s−1] [km s−1] [Gauss]
Kink 141±14 3.9±0.3 - 3.0 10.0 1205±152 - 972±146 50±12
Slow-sound 127±13 9.7±0.4 8.0±2.0 - - 436±47 416±52 - -Slow-tube 10.0±2.5 - 6.0 465±58 1255±207 50±12
Notes. The loop length L, the period P, the temperature T , the densities ne and n0 are estimated from the
observations and are used as input values for the determination of the sound and Alfvén speeds. The magnetic
field is estimated via coronal seismology. In the slow-tube wave approximation, the inner density n0 of the hot
loop is found from the Alfvén speed and the value of magnetic field, which has been previously inferred from
the kink wave.
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5. Longitudinal oscillations in the hot loop
5.1. Analysis
We recall (see Fig. 3) that the hot loop increases its brightness in the Be_thin and Al_poly filters
and has a temperature of approximately 8 MK. The high-cadence of the AIA instrument allows
us to observe periodic intensity variations along the hot loop in the 94 Å band. Indeed, after the
flare, the brightness of the loop seems to vary periodically along the loop axis, bouncing between
the footpoints (similar to the observations reported in Kumar et al. 2015). We have considered a
curved slit along the loop (red curve in Fig. 9 - top) to extract the intensity along it from each
frame and make a TD map (middle panel in Fig. 9). An oscillatory pattern is clearly visible. To
investigate the variation of the period, we have fitted the time series with Eq. 1. The amplitude of
the oscillation is almost half of the total loop length (0.4 L) and the initial period P is approximately
10 min. The period variation per unit of time is P′ = 0.05 min min−1, which is smaller than that
estimated from the wavelet power spectrum (Fig. 9 - bottom). Indeed, the power spectrum exhibits
a clear increase in the period over the time starting from 10 min, with an indicative rate of P′ = 0.1
min min−1 (continuous green line in the wavelet power spectrum).
5.2. Coronal seismology with slow waves
The longitudinal oscillation is essentially a slow magnetoacoustic wave, with a phase speed V (S)ph
that can be determined from the loop length L = L94 = 127± 13 Mm, and the period P = 9.7± 0.4
min:
V (S)ph =
2L
P
= 436 ± 47 km s−1. (6)
In a low-β plasma, the phase speed can be interpreted as the sound speed of a slow wave, whose
magnitude depends upon the plasma temperature:
CS =
(
γp
ρ
)1/2
=
(
2γkBT
µmp
)1/2
≈ 1.29 × 10−1(γT/µ)1/2 km s−1. (7)
If we consider γ = 5/3, µ = 1.27 and an average temperature T ∼ 8 ± 2 MK as determined
by Hinode/XRT, the corresponding sound speed is CS = 416 ± 52 km s−1 (see also Eqs. A.7-A.8),
which is in agreement with the estimated phase speed in Eq. 6. However, the temperature estimates
are affected by strong uncertainties (∼ 25%) (as well as the loop length in the absence of 3D
stereoscopy) and the theoretical sound speed may be higher. In ideal MHD theory for cylindrical
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Fig. 9. Top: image of the loop at 94 Å with the curved slit in red. Middle: TD maps from the curved slit. The
red square points track the oscillation and are determined by eye. The oscillation in green is obtained by in-
terpolation of the red points. Bottom: wavelet power spectrum of the oscillation profile. The green continuous
line shows indicatively the rate at which the period of the slow wave varies (0.1 min min−1), while the green
dot marks the value of the period (13 min) after 30 min from its excitation.
magnetic flux tubes, and accounting for finite-β effects, the smallest phase speed for a slow MHD
mode is given by the tube speed
CT =
CSCA√
C2S +C
2
A
. (8)
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For a temperature of T = 10 ± 2.5 MK, we have CS = 465 ± 58 km s−1, which is higher than
the phase speed V (S)ph . Therefore, assuming CT = V
(S)
ph , we can determine the Alfvén speed for the
hot loop (Wang et al. 2007). Indeed, from Eqs. A.9-A.11, and using the estimates for the sound and
tube speeds, we find that CA = 1255± 207 km s−1. Assuming a typical magnetic field equal to that
inferred from the kink oscillations, we can obtain an estimate for the density n0 of the hot loop.
Using the relations Eqs. A.12-A.13, we find n0 = (6.0 ± 3.0) × 109 cm−3, which is in agreement
with the values found with Hinode/XRT (Fig. 3 - bottom right panel). The values of the parameters
from coronal seismology are summarised in Table 3.
It is interesting to note that the variations over time of the period measured from the TD map
and the temperature from Hinode/XRT data are consistent with each other. Indeed, it is easy to
show that
δP
P
= −
δV (S)ph
V (S)ph
and
δV (S)ph
V (S)ph
=
δT
2T
→
δP
P
= −
δT
2T
, (9)
where δP and δT are the period and temperature variations in a given time interval, P and T being
the initial values. We have not considered density variations, which may affect the phase speed via
the dependence of the tube speed on the Alfvén speed. Moreover, the square root dependence of
the Alfvén speed on the density decreases the effect of the density variation. However, the time
profile of the density as inferred from Hinode/XRT is almost flat (see Fig. 2). In the range of 30
minutes, the period changes from 10 to 13 min (see the wavelet power spectrum in Fig. 9), while
the temperature drops from ∼8 MK to ∼3 MK (Fig. 3). Therefore, having δP = 3 min and δT = 5
MK, we find that δP/P = 0.30 and δT/2T = 0.31.
Furthermore, by knowing the values of the period and plasma temperature, it is possible to in-
verse the problem in coronal seismology and estimate the length of the loop, for example, assuming
that V (S)ph ≈ CS. For P ∼ 10 min and T ∼ 8 MK, we find L ≈ 125 Mm, which is close to our estimate
in Section 3.
6. Discussion and conclusion
Observations of fast and slow MHD modes in the same magnetic structure have a crucial role
in coronal seismology. Indeed, in our analysis we show that the values of the magnetic field in-
ferred from the observations of the kink oscillations and the coexisting longitudinal slow wave
are in agreement. Therefore, it is possible to have a better understanding of the local environment
and justify the robustness of this diagnostic technique (Zhang et al. 2015). In particular, from the
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knowledge of the local sound and Alfvén speeds, the value of the local plasma-β is naturally ensued
as,
β =
2
γ
(
CS
CA
)2
. (10)
By taking CS = 416−465 km s−1, CA = 957−1255 km s−1 and γ = 5/3, the plasma-βwill range
between 0.14 and 0.28. On the other hand, the determination of these parameters presumes the
knowledge of some other ones, whose values are usually assumed to be known by theory, such as
the adiabatic index γ and the mean molecular weight µ. While the value of µ has less uncertainties
and is assumed to the standard values of 1.27 from the abundancy of ions in corona (hydrogen and
helium), the local value of γ is subject to discussion. The adiabatic index enters into the definition
of the sound speed and determines the thermodynamics of plasma. Indeed, effective values of γ
may differ from the theoretical value of 5/3 because of partial ionisation, conductive and radiative
cooling, or heating processes active in plasma. In our case, thermal conduction should not affect
the dynamics of the hot loop since the the conduction time is estimated as (p. 321 in Aschwanden
2004),
τcond = 1.6 × 10−9n0T−5/2L2 ≈ 142 min. (11)
In contrast, radiative processes may be important since the temperature of the hot loop decreases
from 8 to ∼3 MK in∼25 min, and the slow wave results to be over-damped (the damping time of the
oscillation itself is 40 min as determined by the fitting analysis). Therefore, values of γ are assumed
to vary between 1.1 and 5/3 (p. 82 in Priest 2014). Van Doorsselaere et al. (2011b) has provided
the first measurement of the effective adiabatic index in the solar corona to be γeff = 1.10 ± 0.02,
by analysing the density and temperature perturbations associated with a slow wave in ideal MHD
theory approximation. However, this approach is valid when β is very small (see eq. (1) in Van
Doorsselaere et al. 2011b) and these perturbations are assumed to propagate like a pure sound
wave, which is not the general case in corona. Indeed, if we combine Eqs. 7, 8 and 10, we can
express the tube speed CT in terms of CS as
CT =
1√
1 + βγ/2
CS =
(
γ
1 + βγ/2
2kB
µmp
T
)1/2
. (12)
Therefore, interpreting CT as CS can lead to erroneous results for γ if the condition β ≪ 1 is not
satisfied, since it will be replaced by the factor γeff = γ/(1 + βγ/2), which will play the role of an
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effective adiabatic index. The relation between β, γ and γeff can be written in the following form
as,
β = 2
(
1
γeff
−
1
γ
)
. (13)
Assuming a hypothetical value of γ = 5/3 (≈1.67 but in general it may be different), the corre-
sponding value of γeff will decrease from 5/3 according to the values assumed by β, which may
vary through different coronal regions. It is trivial to show that for β = 0, γeff = γ and, hence,
CT = CS. For β = 0.01, which is a typical value assumed for active regions, we find γeff = 1.65
(in practise equal to γ; this justifies the low-β approximation with the sound speed), but for values
of β ≥ 0.13, the difference becomes remarkable and γeff will deviate from the real and unknown γ
by more than 10 %. If we use γeff = 1.1 as estimated by Van Doorsselaere et al. (2011b), we find
β ≈ 0.6, which is unrealistic for that case: hence, the adiabatic index is surely much lower than 5/3.
The above discussion applied to our event can be easily illustrated by the plots of Fig. 10,
which show how the period of a slow wave changes with the plasma temperature if we consider
the phase speed to coincide with the sound (top panel) and the tube speeds (middle and bottom
panels), respectively (the curves are obtained by combining Eqs. 6–7 and Eqs. 6–12, and by taking
the value of 127 Mm as the loop length). For the case of a pure sound wave, we plot different
curves corresponding to different values of the adiabatic index γ ranging between the theoretical
value of 5/3 (lower curve in black) and 1.1 (upper curve in purple; the other values are indicated
on the right of the plot). The intersection of the horizontal line at P = 10 min (the initial period
of our slow wave) with the different curves identifies the temperature at which the wave exists (for
γ = 5/3, 1.5, 1.4, ..., Tγ = 7.9, 9.6, 11.0, ...MK). According to the analysis performed with XRT, the
maximum temperature reached by the plasma is ∼ 10 MK, and consequently the effective adiabatic
index for our observation falls in the range 5/3 < γ ≤ 1.5. Similarly, we have also considered the
tube speed for γ = 5/3 (middle panel) and γ = 1.5 (bottom panel) and plotted different curves for
different values of the plasma-β between 0.0 (lower curve in black) and 1.0 (upper curve in purple).
For γ = 5/3, the possible values of β that fit our observations fall approximately in the range of 0.1
to 0.3, while for γ = 1.5, the intersection points are moved towards higher temperatures and the
lower limit at T = 10 MK is obtained with β = 0.0, which again coincides with the case of a pure
sound wave (but with γ=1.5). Therefore, based upon our results, we consider that the value for the
adiabatic index γ = 5/3 and a plasma-β between 0.1 and 0.3 can describe the dynamics of the slow
MHD wave in the hot loop.
We would like to highlight that the correct interpretation of the nature of a slow MHD wave, and
hence the density and temperature perturbations observed in the plasma, is essential for the correct
inferences of the plasma parameters. We have shown that a finite value of the plasma-β, if not being
sufficiently small, may lead to underestimated results for the adiabatic index γ. In general, coronal
active regions are environments with a very small β leading to experimental values γeff being very
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Fig. 10. Period vs. temperature for a slow wave, assuming phase speed equals the sound speed CS (top) and
the tube speed CT (middle and bottom panels), respectively.
close to the real adiabatic index. However, this effect can be pronounced in the chromosphere and
in the diffuse or higher corona at a distance greater than 2 R⊙, where the approximation β ≪ 1 is
not valid, and must be taken into account in observations and numerical simulations. In this paper
we have not considered other aspects perhaps relevant in the analysed event, for example a detailed
study of the formation and dynamics of the cool ejection, the interaction with the coronal loop
threads or the possible role of the observed MHD waves in heating. These could be the subject of
future work.
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Appendix A: Equations for coronal seismology
General expression for the phase speed and its error for a fundamental standing MHD wave given
the loop length L ± σL and the period P ± σP:
Vph =
2L
P
, (A.1)
σVph = Vph
√
(σL/L)2 + (σP/P)2. (A.2)
Appendix A.1: Kink waves
The Alfvén speed is determined by the kink speed CK±σCK and the densities ne±σne and n0±σn0 :
CA = CK
(
1 + ne/n0
2
)1/2
, (A.3)
σCA = |CA|
√(
σCK
CK
)2
+
(ne/n0)2
4(1 + ne/n0)2

(
σne
ne
)2
+
(
σn0
n0
)2. (A.4)
The magnetic field is given by the loop length, the period and internal and external densities
with the associated uncertainties:
B =
L
PK
√
8πµmpn0(1 + ne/n0), (A.5)
σB = |B|
√(
σL
L
)2
+
(
σP
P
)2
+
1
4(n0 + ne)2
(
σ2ne + σ
2
n0
)
. (A.6)
Appendix A.2: Slow waves
Expression for the sound speed given the plasma temperature T ± σT :
CS =
(
2γkBT
µmp
)1/2
, (A.7)
σCS =
1
2
∣∣∣∣∣CS σTT
∣∣∣∣∣ . (A.8)
The Alfvén speed is given by the tube (CT) and sound speeds:
CA =
CSCT√
C2S −C
2
T
, (A.9)
σCA = |CA|
√(
σCS
CS
)2
+
(
σCT
CT
)2
+
1
4
 σC2S−C2TC2S −C2T
2, (A.10)
≈ |CA|
√(
σCS
CS
)2
+
(
σCT
CT
)2
. (A.11)
We note that in our analysis, the quantity (C2S−C2T)−2 ≈ 10−9 km−4 s4, therefore it can be neglected.
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The internal density n0 is given by the magnetic field B ± σB and the Alfvén speed CA ± σCA :
n0 = (4πµmp)−1
(
B
CA
)2
, (A.12)
σn0 = 2|n0|
√(
σCA
CA
)2
+
(
σB
B
)2
. (A.13)
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